In this work Spin-Polarized X-ray Photoelectron Diffraction (SPXPD) is studied on the basis of multiple scattering theory in the relativistic theoretical framework. This approach is inevitable to study XPD and SPXPD spectra from heavy elements (Z > 50), where relativistic effects play some important roles. In the K-edge excitation spin-orbit interaction for photoelectrons is quite important to produce spin-polarization of photoelectrons by use of circularly polarized light, and that this effect has influence on the branching ratio of multiplet splitting in photoemission spectra. In the case of linearly polarized light this phenomenon is expected to be small. We, however, expect that we can see finite contribution in the forbidden direction. In that direction one of important relativistic effects, spin flip scatterings excited by linearly polarized X-ray photons is remarkable not only in heavy atoms but in light atoms.
I. INTRODUCTION
Magnetic ordering at the outermost surface layers can be different from that in the bulk [1, 2] . Among several tools for the study of surface magnetic structures, spinpolarized X-ray photoelectron diffraction (SPXPD) is one of the promising methods because its pattern directly provides the information about important local surface magnetic structures [3] [4] [5] . XPD patterns give the information on geometric structures at surface, while SPXPD patterns give the information on magnetic structures at surface. There are also theoretical researches about SPXPD in the framework of nonrelativistic theory [6] [7] [8] [9] . Here SPXPD is studied on the basis of multiple scattering theory in the relativistic framework. This approach is inevitable in studying the XPD patterns from heavy elements [10] . In the K-edge excitation spin-orbit interaction for photoelectrons is quite important to produce spin-polarization of photoelectrons by use of circularly polarized light. In our previous work we calculated the relativistic SPXPD patterns excited by circularly polarized light and we found that the relativistic effect had influence on the branching ratio of multiplet splitting in photoemission spectra excited from heavy elements [11] . As a related application we theoretically study possible methods how to obtain imaging of magnetic atoms [13] by use of XPD and Daimon effect where forward focusing peaks are rotated around by incident circularly polarized light [12] .
In the case of linearly polarized light this phenomenon is not expected to be observed. There are relativistic effects even in this case, which have no influence on the branching ratio of multiplet splitting. We, however, expect that we can see finite relativistic contribution to SPXPD in the forbidden direction: This direction is forbidden within electric dipole approximation. In that direction (⊥E) one of important relativistic effects spin flip scatterings excited by linearly polarized X-ray photons is remarkable not only excitation from the heavy atoms but from the light atoms.
We calculate and demonstrate these characteristic features in SPXPD by use of circularly and linearly polarized light.
II. RELATIVISTIC SPIN-POLARIZED XPS THEORY
A general one-electron relativistic SPXPD theory has been developed by the present authors on the basis of multiple scattering theory [10] . This theory cannot describe the multiplet splittings in the core-hole states which are basically one of many-body effects. We thus have developed a many-body SPXPD theory based on a relativistic quantum electrodynamic (QED) theory [14, 15] . This theoretical framework provides a unified view of SPXPD, and we can calculate SPXPD patterns by circularly polarized light from magnetic materials which give rise to multiplet splittings. A useful formula of the photoelectron current with momentum p, spin σ and kinetic energy ε p (= p 2 /2) excited by (ks) X-ray photons is given by [14] 
where |ϕ c and |χ c are the large and the small components of the core function, f − pσ | is the photoelectron function, is the electron-photon interaction operator, g r 11 is nonrelativistic retarded one-electron Green's function. δT r include spin-orbit interaction which acts on the photoelectron, S n = n, N − 1 |b| 0, N is the nonrelativistic intrinsic amplitude, where b is the core electron annihilation operator, and Q = (σ · p)/(2c). The different core-hole states |n, N −1 are responsible for the multiplet splittings. M 1 is nonrelativistic term, M 2 and M 3 are relativistic correction terms. This formula (1) is the basis for the SPXPD analyses used in the present study. For f − pσ we can apply site T matrix expansion, which yields multiple scattering series [16] [17] [18] .
When the many-body effects in δT r are neglected, it is simply written in terms of Hartree potential V H and Pauli spin matrices σ as
where ζ(r) is related to the spherically symmetric poten-
Gd 4s θ scan SPXPD patterns for the different final states ( 7 S and 9 S ) calculated for the similar model to the one used in Fig.1(a) , we assume hcp Gd(0001) surface in this case. We use 3.58Å for the Gd-Gd distance. In (a) and (b) we show the θ scans ( fixed at φ = 0
• ) of the SPXPD patterns. In (c) and (d) we show the θ scans ( fixed at φ = 180
• ) of the SPXPD patterns. Photoelectron kinetic energy is 100 eV ( 7 S : (a),(c)) and 108 eV (
. IMFP is 5.0Å: J− and J+ show the intensities measuring down and up spin photoelectrons, and
The operator δT r acts on photoelectron wave functions, but the influence is quite small because of the factor (2c) −2 . The first two operators in Eq. (2) only change the radial integrals, whereas the third term, the spin-orbit interaction term
can contribute to anisotropy in the angular distribution and the spin polarization, therefore it is important in calculating SPXPD patterns from 1s-core levels. We explicitly take that term into account, which yields the approximation for the amplitude M 2 in Eq. (1)
where
, T e is the kinetic energy operator. V is the 2×2 diagonal matrix with V + acting on up spins and V − acting on down spins, and ϕ 0 pσ is free electron wave function with momentum p and spin σ.
In a similar approximation, the amplitude M 3 in Eq. (1) is given
where f c (r) is the radial function of the small component χ c , y lc jcµc is Pauli spinor, and δU is
This term can also contribute to anisotropy in the angular distribution and the spin polarization. It is better to estimate the relative importance of δV and δU : δV is in the order of c −2 (c=137 in atomic unit), and δU is in the order of c −1 . The former is in M 2 and the latter is in M 3 which includes the small component χ c of the core function in the order of O( ϕc c ). Finally we understand that both M 2 and M 3 are in the same order.
We can apply the site T-matrix expansion to G in Eqs. (5) and (6), then we get multiple scattering series for the amplitudes M 2 and M 3 , which are summarized as follows.
where 
excited from the sublevel µ c on site A for the X-ray circular polarization m p (= ±1). In the case of K-edge excitation photoelectron intensity is simply given by Artificial model cluster and calculated Gd 4s SPXPD patterns for the different final states ( 7 S and 9 S ). We assume hcp Gd(0001) surface in this case, and use 3.58Å for the GdGd distance. In (a) three atoms are in the x-y plane and the X-ray absorbing atom is on the z-axis in the second layer. The incident linearly p-polarized light propagates in the x-z plane (θ = 145
• , φ = 180 • ). In (b) and (c) we show θ scan ( fixed at φ = 0
• ) SPXPD patterns. In (d) and (e) we show θ scan ( fixed at φ = 180
• ) SPXPD patterns. Photoelectron kinetic energy is 380 eV ( 7 S : (b),(d)) and 388 eV ( 9 S : (c),(e)). The photoelectron inelastic mean free path (IMFP) is set to be 8.5Å. J− and J+ show the intensities measuring down and up spin photoelectrons. Jt = J+ + J−. magnetic field, there can be multiplet splittings and it is necessary to take into account the splittings of the core levels.
III. RELATIVISTIC EFFECTS IN SPXPD EXCITED BY CIRCULARLY POLARIZED LIGHT
In this section we consider Mn 3s and Gd 4s SPXPD (l c = 0) by use of + circularly polarized light (m p = 1). In this case the spin-orbit coupling only acts on photoelectrons. There is 5 S, 7 S final state multiplet splitting spectrum in the photoemission from Mn d 5 ( 6 S) (high spin state) [3, 4] , and 7 S, 9 S final state multiplet splitting in the photoemission from Gd f 7 ( 8 S) ground state (high spin state) [5] .
We first study Mn 3s SPXPD. Figure 1 shows the model used for the present calculations and θ scan SPXPD patterns for the 5 S and 7 S final states. Although Mn crystal has typically a cubic structure, we assume a hexagonal closed-packed (hcp) (0001) or face-centered cubic (fcc) (111) structure to compare the result for Gd crystal (0001) surface with hexagonal structure. We use 2.52Å for the nearest neighbour Mn-Mn distance, and 3.58Å for the nearest neighbour Gd-Gd distance.
The higher binding energy peak (Mn: 5 S, Gd: 7 S) has only spin-up photoelectrons (spin conserved photoelectrons) and the lower binding energy peak (Mn:
7 S, Gd: 9 S) mainly has spin-down photoelectrons (spin conserved photoelectrons), but it has also spin-up photoelectron (spin flip photoelectrons (the second term in Eq. (10))) by Fano effect [10, 19] . Specifically, it also contains interference between the relativistic and nonrelativistic spin conserved amplitudes (see the first term in Eq. (10)). We observe nonnegligible differences in the θ scans for the different final spin states which should be due to exchange scatterings from surrounding magnetic atoms and also due to the relativistic effects.
We can see that the relativistic effects are very small in this Mn 3s SPXPD pattern: J + to which only the spin flip process contributes is very small for the 7 S final state. Figure 2 shows Gd 4s θ scan SPXPD patterns for the 7 S and 9 S final states for the similar model to the one used in Fig. 1 , which we assume hcp (0001) structure. In contrast to the case of the Mn 3s we observe a large relativistic effect in the Gd 4s SPXPD pattern. As clearly seen, the relativistic effects are important in calculating the branching ratio ( 7 S/ 9 S) in SPXPD by circularly polarized light from heavy elements like Gd. This is due to the Fano effect: We thus demonstrate that Fano effects strongly affect SPXPD patterns for multiplet splitting final states in heavy elements like Gd.
IV. RELATIVISTIC EFFECTS IN SPXPD EXCITED BY LINEARLY POLARIZED LIGHT
In case of linearly polarized light or unpolarized light, the relativistic effects could not be very important in SPXPD calculations even for heavy elements, because there is no Fano effect. As we have very small relativistic spin conserved terms, there is quite small interference between the relativistic and nonrelativistic spin conserved amplitudes. We thus expect that the SPXPD patterns are quite similar for the different final spin states: Figures  3(b) and (c) demonstrate the similarity. We thus could think that the relativistic effects play only a minor role in the SPXPD excited by the linearly polarized X-rays. However, when we observe the XPD intensity in the direction where the nonrelativistic photoelectron intensity is very weak, the relativistic effects can be important. This can be understood by the observation that J − > J + is satisfied in near normal emission (θ ∼ 0
• ) in Fig. 4 . In this set up, the simple dipole allowed photoemitted electrons • . This selection rule cannot expect photoelectrons at θ ∼ 0
• , the relativistic effects and scattering effects from surrounding atoms can give a finite intensity there. Only the former can contribute to the spin-flip scatterings there. Figure 5 shows that the spin-flip intensity J − is much larger than the spin-conserved intensity measuring up spin J + , in particular near normal emission. In this set-up we cannot sso pronounced, although the absolute intensity is very weak. This is a remarkable feature in SPXPD excited by in-plane linearly polarized (s-polarized) X-rays.
In the case of z-polarized excitation we can say that we cannot observe the relativistic photoelectrons in all direction (Fig. 6) . In this case, as the spin flip photoelectrons are mainly emitted to the parallel direction to surface, they hardly can escape from solid surface because of the damping effect. These simulations show that it is essential to consider the relativistic effects when we study XPD excited by in-plane linearly polarized (s-polarized) lights. It is important to include the relativistic terms in the calculations of SPXPD when we use circularly or linearly polarized light as incident X-ray sources. In the case of SPXPD excited by the circularly polarized light the relativistic effects have strong influence on the angular distribution of the intensities of the multiplet-split peaks from heavy atoms: Fano effect is crucial.
In the case of in-plane linearly polarized light the relativistic contribution can became dominant component in the dipole forbidden directions and we cannot neglect it even in the case of light elements. In the case of zpolarized excitation we can neglect relativistic effect because the relativistic photoelectrons almost cannot escape from the solid surface.
In the case of unpolarized light we expect that the relativistic effects play only minor roles, because both Fano effect and specific experimental arrangements cannot enhance the relativistic effects. It is thus neccesary to take into account the relativistic effects in the analysis of the complete angular distribution of the photoemission spectra excited by synchrotron radiation.
There are many papers about the MCDAD or MLDAD which use both spin-orbital and exchange splittings [20] [21] [22] [23] , but they are almost using spin-orbital interaction in the initial state. In this paper we simulate SPXPD patterns which is taken spin-orbital interaction in the photoelectron state into account. We didn't show the MCDAD in this paper, but easily predict that there are large MC-DAD in the case of heavy magnetic elements like Gd because there are the nonnegligible spin-orbital interaction in the photoelectron state and enough exchange splitting in the s-core level.
